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Abstract 
Purpose: Cell size is a fundamental characteristic of all tissues, and changes in cell size in 
cancer reflect tumor status and response to treatments, such as apoptosis and cell cycle arrest. 
Unfortunately, cell size can only be obtained by pathologic evaluation of the tumor in the current 
standard of care. Previous imaging approaches can be implemented on only animal MRI scanners 
or require relatively long acquisition times that are undesirable for clinical imaging. There is a 
need to develop cell size imaging for clinics.  
Experimental Design: We propose a new method, IMPULSED (Imaging Microstructural 
Parameters Using Limited Spectrally Edited Diffusion) that can characterize mean cell sizes in 
solid tumors. We report the use of combined sequences with different gradient waveforms on 
human MRI and analytical equations that link DWI signals of real gradient waveforms and specific 
microstructural parameters such as cell size. We also describe comprehensive validations using 
computer simulations, cell experiments in vitro, and animal experiments in vivo and finally 
demonstrate applications in pre-operative breast cancer patients. 
Results: With fast acquisitions (~ 7 mins), IMPULSED can provide high-resolution (1.3 mm 
in-plane) mapping of mean cell size of human tumors in vivo on currently-available 3T MRI 
scanners. All validations suggest IMPULSED provide accurate and reliable measurements of 
mean cell size.  
Conclusion: The proposed IMPULSED method can assess cell size variations in the tumor 
of breast cancer patients, which may have the potential to assess early response to neoadjuvant 
therapy.  
 
Introduction 
Cell size is a basic feature of living cells that plays an important role from the molecular to 
the organismal level, including cellular metabolism, (1) proliferation, (2) and tissue growth (3). Cell 
size may vary significantly during disease progression or after therapy. For example, cells swell 
significantly after acute stroke (4,5) and cell shrinkage is a hallmark of apoptotic cell death (6). 
For cancer diagnosis and prognosis, cell size is of interest because it varies during mitosis and 
before death, and thus may provide a unique means to evaluate tumor progression and response 
to treatments. Measurements of cell sizes are reportedly capable of differentiating cancer types 
(7) and monitoring tumor early therapeutic response by detecting treatment-induced apoptosis 
(8,9) or mitotic-arrest (10). Therefore, quantitative microstructural measurements such as cell size 
may provide specific means to probe the status of cancerous tissues and would be of potential 
value in preclinical and clinical applications. Currently, such microstructural information is 
obtained with conventional clinical care only via invasive biopsies, which are limited not only by 
the potential to miss important changes due to tumor heterogeneity and the small sample size of 
each specimen, but also may introduce various clinical complications, including pain, hemorrhage, 
infection, and even death (11). Therefore, a non-invasive imaging technique capable of 
characterizing tissue microstructural information would be of great interest to clinicians.  
Diffusion-weighted magnetic resonance imaging (DWI) is an exogenous-agent-free non-
invasive imaging technique that provides a unique capability to probe biological tissue 
microstructure by evaluating the degree of restriction and hindrance to the free motion of randomly 
diffusing water molecules. Values of the apparent diffusion coefficient (ADC), a metric obtained 
using DWI, have been found to be sensitive to cell density and hence are widely used to evaluate 
cellularity changes after anti-cancer treatment (12-15). However, ADC represents an overall 
diffusion property of water molecules inside each image voxel, and ADC values are influenced by 
several tissue parameters simultaneously, including but not limited to cell size (16), cell membrane 
permeability (17), intra- and extracellular diffusion coefficients (18), and intracellular volume 
fraction (19). As a result, ADC and tumor cellularity are not always strongly correlated (20-22) so 
that ADC does not reliably provide specific information on cell size and density. Recently, 
numerous attempts have been made to enhance the specificity of DWI measurements, such as 
the DDR (23), VERDICT (24-26), qTDS (27,28), and POMACE approaches (29). Some of these 
e.g. qTDS, exploit the dependence of ADC on the time scale (the diffusion time) over which 
diffusion affects the measured signals, which in principle enables the derivation of the spatial 
scales of restrictions to free displacements (27,28). However, previous methods were either 
implemented on animal MRI scanners only and used much stronger diffusion gradient amplitudes 
than are available on clinical MRI scanners, or the total acquisition times were long that is 
undesirable for clinical practice. Therefore, there is still a need to develop a fast (< 10 mins) and 
quantitative DWI method that is capable of measuring cell size on clinical MRI machines.  
Here, we introduce a modified qTDS approach termed IMPULSED for clinical MR imaging. 
Similar to our previously developed approach that used apodised cosine oscillating diffusion 
gradients (27,28), we propose IMPULSED acquisitions to incorporate cosine-modulated 
oscillating trapezoidal diffusion gradients (30,31) that are readily capable of running on clinical 
MRI machines as shown in Figure 1. An IMPULSED protocol incorporates a set of diffusion 
weighted imaging sequences, each of which uses a different diffusion time, with a diffusion time 
range that makes the DWI images highly sensitive to variations in cell size in human tissues, and 
from which 3D maps of cell size and density can be derived. For human breast tumors, all the 
necessary data can be acquired in scan times of < 7 mins. In the current work, we demonstrate a 
practical imaging protocol that combines different DWI sequences along with new analytical 
equations that link the DWI signals using the real gradient waveforms to specific microstructural 
parameters such as cell size. We also provide validations of the IMPULSED method using 
computer simulations and experimental measurements of cells in vitro and animal models in vivo, 
along with practical demonstrations of clinical applications in breast cancer patients.  
Materials and Methods 
Pulse sequence 
Figure 1 shows the pulse sequences used to acquire DWI data for the IMPULSED method. 
In addition to a conventional pulsed gradient spin echo (PGSE) sequence which measures ADC 
over longer diffusion times, IMPULSED also uses cosine-modulated, trapezoidal, oscillating 
gradients in spin echo sequences (OGSE) to measure ADC over different, shorter diffusion times. 
The combination of longer and shorter diffusion times ensures that ADC values from each 
sequence will differ, and these differences then reflect the length scales of major restrictions to 
free diffusion, which in tumors correspond to cell sizes (32). This combination enables detection 
of a broader range of length scales, providing more comprehensive information on tissue 
microstructure than single measurements of ADC (27,28). For all diffusion sequences, G is the 
gradient strength, δ is the duration of each diffusion gradient, Δ is the separation of two gradients, 
tr is the gradient rise time (= 0.9 ms on Philips Achieva 3T MRI scanner), tp is the duration time of 
the first gradient plateau, and t3 = tp + tr/2 for OGSE sequences. N is the number of cycles in each 
diffusion gradient in the OGSE sequence. 2 3 22 2 ( ) / 3( ) ( ) / 30 ( ) / 6r p r p r pr rb G t t t t t t t t  − = + + + − +   for the 
PGSE sequence and 2 2 3 3 3 2 291 /15 8 / 3 / 30 12 46 / 3r p r r p r pb Nt Nt t Nt t N tG t= + + + +    for the OGSE sequences 
(30,31) shown in Figure 1.  
 
Figure 1. Diagram of the pulse sequences used in the IMPULSED method. In addition to 
conventional PGSE acquisitions, OGSE acquisitions with two frequencies (N = 1 and 2) 
are used. 
Theory 
Quantitative information on cell size and density are obtained by fitting a simple model of 
tissue water to the DWI experimental data. Like previous reports (24,27,29,33), DWI signals in 
IMPULSED are modeled as the sum of signals arising from two compartments, i.e., intracellular 
and extracellular spaces. The measured DWI signal S is 
 (1 )in in in exS v S v S=  + −    [1] 
where Sin, and Sex are the signal magnitudes per volume from the intracellular and extracellular 
spaces, respectively, and vin is intracellular water fraction. Note that water exchange between 
intra- and extracellular spaces is ignored but does not affect the estimation of mean cancer cell 
size although it may bias the estimation of cell density (34).  
Modeling intracellular diffusion (the 1st term in Eq.[1]):  Water molecules are restricted 
inside cells because cell membranes have only finite permeabilities. For simplification, cancer 
cells are usually modeled as impermeable spheres and analytical expressions similar to previous 
reports (33) may be derived to link DWI signals and underlying microstructural parameters such 
as cell size. The derived analytical equations for cosine-modulated, trapezoidal-shaped OGSE 
sequences, and a corresponding validation of their accuracy using computer simulations, can be 
found in the Supplemental Materials.  
Modeling extracellular diffusion (the 2nd term in Eq.[1]).  It is challenging to obtain an 
explicit analytical form to describe extracellular diffusion. When the diffusion time range is limited, 
previous studies have suggested the extracellular diffusion coefficient shows an approximately 
linear dependence on the gradient frequency (proportional to the inverse of diffusion time) (23,35). 
However, due to hardware limitations, the frequency range available on clinical MRI scanners is 
narrow so that the dependency of extracellular diffusion on frequency is minor. All our 
investigations using simulations in silico, cell lines in vitro, and animals in vivo have suggested 
the extracellular diffusion coefficient obtained using the IMPULSED method is largely insensitive 
to diffusion times so that the extracellular diffusion coefficient is modeled as a constant Dex.  
Diffusion anisotropy.  Except for some ex vivo investigations of fixed breast tissues with 
strong gradients (36), a previous in vivo study involving 81 patients reported that water diffusion 
is nearly isotropic in various human breast tumors (37). Therefore, the DWI signals for IMPULSED 
acquisitions are obtained by averaging three acquisitions with diffusion gradients along three 
orthogonal oblique directions ([gx, gy, gz] = [1, 1, -0.5], [1, -0.5, 1], and [-0.5, 1, 1]), corresponding 
to the trace of a diffusion tensor.  
IMPULSED outcomes:  Table 1 lists tissue parameters that can be determined by analyses 
of DWI data. The estimates of d are actually volume-weighted mean cell sizes (38) which, for a 
population of cells, is given by 4 3/n n
n n
d d d=  , where dn is the cell size of the nth cell. The cell 
density ρ can be calculated from d and vin i.e., 
3
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d
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= . Note that, unlike our pre-clinical animal 
studies (27,28), Din is fixed as 1.58 μm2/ms (10) in order to better stabilize the fittings of 
IMPULSED. Our simulations suggest that difference choices of Din in the data fitting has little 
influences on the fitted IMPULSED metrics (see Figure S5 in the Supplemental Materials).  
 
Table 1 Summary of IMPULSED derived parameters and corresponding biophysical features.   
IMPULSED 
parameters 
Biophysical features 
d Volume-weighted mean cell size 
vin Intracellular volume fraction 
Dex Extracellular diffusion coefficient  
 
Experimental diffusion parameters in IMPULSED 
It is desirable to use higher gradient strengths and slew rates in diffusion measurements to 
achieve greater diffusion weighting (b values) and a range of diffusion times appropriate for each 
sample of interest (39). However, due to human physiological thresholds and hardware limitations, 
the gradient strength and slew rate are limited on clinical MRI scanners, which makes it 
challenging to implement some quantitative DWI methods. To ensure IMPULSED can be 
translated clinically, a maximum gradient strength of 60 mT/m on any single axis and a slew rate 
< 100 mT/m was assumed, and these limits were imposed on our simulations and experiments 
including cells, animals, and humans. Table 2 shows diffusion parameters for IMPULSED 
measurements that are readily available on human 3T MRI systems and were selected for 
practical implementation.  
 
Table 2 Summary of diffusion parameters used in IMPULSED measurements which are readily 
available for human 3T MRI system.  
 δ /Δ [ms] N f [Hz] b [s/mm2] 
PGSE 12/74 N/A N/A 0,250,500,750,1000, 1400, 1800 
OGSE 40.9/51.4 
1 25 0,250,500,750,1000 
2 50 0,100,200,300 
 
Validation using simulations in silico 
Computer simulations were performed to evaluate both the accuracy and precision of 
IMPULSED derived parameters obtainable for signal to noise ratios (SNRs) practically available 
on clinical 3T MRI scanners. A finite difference method was used to simulate DWI signals obtained 
using PGSE and OGSE sequences as reported previously (40). Tumors were modeled as tightly-
packed spherical cells on a face-centered-cubic lattice (41) with fin = 61.8%, Din = 1.58 μm2/ms 
(10), Dex = 2 μm2/ms, and homogeneous relaxation times everywhere for simplicity. Eight different 
values of cell diameter d evenly distributed from 6 to 20 μm were evaluated, covering the cell 
sizes typical of lymphocytes to cancer cells. After noise-free DWI signals were calculated for each 
cell diameter, Rician noise equivalent to achieve an SNR = 20 was added to mimic realistic DWI 
signals, and then the noisy signals were used for data fitting. This process was repeated 100 
times so that the accuracy of each IMPULSED derived metric could be evaluated using the mean 
fitted values, and the precision evaluated using the corresponding standard deviations.  
Validation using cell lines in vitro 
Cell preparation. Three types of breast cancer cell lines, MDA-MB-231, MCF7, and MDA-
MB-453, were purchased from American Type Culture Collection (Manassas, Virginia, USA). Cells 
were cultured in RPMI Medium 1640 supplemented with 10% FBS, 50 Units/ml penicillin, 50ug/ml 
streptomycin and 5ug/ml recombinant insulin (Invitrogen, CA) in a humidified incubator 
maintained with 5% CO2 at 37C. Cells were cultured in 150 mm dishes to full confluence, then 
harvested by trypsinization, washed and resuspended with PBS. A small portion of cells was 
aliquoted and fixed with 70% cold ethanol for flow cytometry analysis, and the majority of cells 
were fixed with 4% paraformaldehyde in PBS for over 2 hours for MR experiments and 
microscopic size analysis. 
In addition to cancer cell lines, the Jurkat acute T cell leukemia cell line and lymphocytes 
were used to mimic smaller cells. Lymphocytes were extracted from human peripheral blood by 
using the Ficoll method (42); briefly, blood was diluted with an equal volume of PBS, and carefully 
added on top of an equal volume of Ficoll-Paque in a centrifuge tube. After centrifugation at 800g 
for 20 minutes, the cells in the interface layers were collected, the residual red cells were removed 
by hypotonic lysis and washing, and the final lymphocytes were pelleted and re-suspended with 
PBS. 
For MR experiments, cells were washed with PBS after fixation, about 3 x 107 cultured cells 
(or 1x109 lymphocytes) were centrifuged at 2000g for 2 minutes in a 0.65ml of Eppendorf tube to 
obtain a tight cell pellet. The supernatant was carefully removed for MRI measurements. A small 
aliquot of cells from each sample was spotted on a glass slide and covered by a coverslip. Digital 
images of the cells were recorded at both 20X and 40X amplification. A stage micrometer was 
used for size calibration. 
MRI experiments.  All MRI measurements of cells in vitro were performed on a Varian 4.7T 
MRI spectrometer similar to the approach described previously (34). A 2-mm thick slice crossing 
the center of each cell pellet was imaged with a field-of-view 16×16mm and a matrix size 64×64, 
yielding a spatial resolution of 250μm. All diffusion sequence parameters were the same as in 
Table 2.  
Light microscopy.  Bright field images were captured using a Zeiss Axio Observer 
microscope. Two representative fields of view were chosen for each slide. Each field of view was 
imaged at 40X magnification with the focus set slightly above, below, and equal to the optimal 
focal plane. Differences between two out-of-focus images resulted in enhanced contrast of the 
cell boundaries (43). The area of each cell was then calculated from these microscopic images 
using an auto-segmentation program written in Matlab, and these measurements were converted 
to a diameter assuming each cell is a sphere. The detailed procedures are provided in the 
Supplemental Materials and representative images are shown in Figure S6.  
Validation using animals in vivo 
Animal preparation.  All procedures were approved by the Vanderbilt University 
Institutional Animal Care and Usage Committee. Three MDA-MB-231 and two MCF7 xenografts 
were generated following subcutaneous injection of 1-2x106 cells in female athymic nude mice 
(Harlan Laboratories, Inc., Indianapolis, IN). When each tumor reached a size of 200–300 mm3, 
MR imaging was performed as described below, and each mouse was euthanized for histology 
immediately afterward.  
MRI experiments.  All MR images of animals were acquired on a 4.7 T Varian horizontal 
small animal scanner using a Litz38 volume coil for both transmission and reception. A single-
shot echo-planar imaging (EPI) diffusion sequence with fat suppression was used for all diffusion 
measurements to minimize motion artefacts. Axial slices with 1 mm thickness were acquired to 
cover the entire tumors, with in-plane matrix size 128 × 64 and field-of-view =40 × 20 mm yielding 
an in-plane resolution of 312.5 × 312.5 μm. All diffusion sequence parameters are outlined in 
Table 2.  
Histology.  Animals were euthanized immediately following MRI scans. Tumors were 
collected, cut into 2mm thick pieces and fixed in 10% formalin for 24 hours. Tissues were 
transferred to 70% ethanol prior to paraffin embedding. Tumors were sectioned at 8 µm thickness 
and stained with hematoxylin and eosin (H&E) for cellularity, and Na+/K+-ATPase (ab76020, 
Abcam). For Na+/K+-ATPase staining, slides were de-paraffinized, rehydrated, and antigen 
retrieved using 6.1 pH citrate buffer in a pressure cooker at 105°C for 20 minutes, followed by a 
10-minute cool down. Slides were treated with a 3% hydrogen peroxide solution for 15 minutes 
and blocked in phosphate buffered saline/3% bovine serum albumin/ 10% donkey serum for 30 
minutes prior to antibody staining. The primary antibody was incubated at 4°C overnight followed 
by secondary detection with a Cy5-labelled rabbit-specific antibody. Nuclei were stained with 40,6-
diamidine-2-phenylidole-dihydrochloride (DAPI). Digital fluorescent images were collected on an 
Olympus IX-81 microscope with a magnification of 20. These images were analyzed using 
CellProfilerTM (http://www.cellprofiler.org/) to obtain quantitative information on cell sizes. The 
complete processing pipeline included illumination correction, foreground objects identification, 
and splitting of clumped cells by watershedding. Finally, the cell segmentation results obtained by 
CellProfilerTM were manually corrected for over-segmented cell bodies.  
Applications in patients 
Breast cancer patients.  The human imaging study was approved by the Institutional 
Review Board at Vanderbilt University Medical Center. Seven women (age 55.3±8.0) diagnosed 
with breast cancer with tumors 1cm or greater were recruited in this study. Written informed 
consents were received from participants prior to inclusion in the study. The detailed patient 
information and tumor types can be found in Table S1 in the Supplemental Materials.  
Human MR imaging.  IMPULSED imaging was performed using a Philips Achieva 3T 
scanner with a 16-channel breast coil. Acquisition sequence parameters were 
TR/TE=4500/103ms; FOV=192×192mm; reconstructed in-plane resolution = 1.3×1.3 mm; 10 or 
20 slices; slice thickness=5 mm; single shot EPI; SENSE factor=3; fat suppression with SPAIR; 
and dynamic stabilization was used to minimize DWI signal drifts during scanning. Images were 
acquired with two opposite diffusion gradient directions for each axis and the geometric means 
were used as final images to mitigate the cross-terms between diffusion and background 
gradients (44). All diffusion sequence parameters were the same as in Table 2. The total scan 
time ≈ 7 mins. In addition, ADC measurements using PGSE acquisitions with Δ = 54 and 34 ms 
were performed to further investigate the ADC dependence on diffusion times.  
Data analyses 
 For cell experiments in vitro, an ROI avoiding boundaries was manually drawn on each image 
and the total DWI signals from the ROI were used in the data fitting. The light microcopy images 
of cells were analyzed using a locally developed pipeline with details provided in the Supplemental 
Materials. For experiments in vivo, tumor ROIs were manually drawn based on PGSE diffusion 
weighted images with b = 1000 s/mm2. The IMPULSED fitting was performed only inside ROIs. 
The histology images were analyzed using CellProfilerTM and the details are provided in the 
Supplemental Materials.  
All data fittings were performed using Matlab (Mathworks, Natick, Massachusetts) to generate 
DWI parametric maps on a voxel-wise basis (38).  The fitting parameter ranges were limited by 
possible physiologically relevant values, i.e., 0.2 ≤ d ≤ 25 μm (i.e., typical breast cancer cell size 
range. Note that the upper limit is determined by the root mean square displacement of free water 
diffusion at 37°C), 0 ≤ vin ≤ 1 (max volume fraction 100%), and 0 ≤ Dex ≤ 3.1 μm2/ms (the free 
water diffusion coefficient is 3.07 μm2/ms at 37°C). Din was fixed as 1.58 μm2/ms (10) in the data 
analysis to stabilize fittings as shown in Figure S5. Note that fitting results are insensitive to the 
choices of Din. The fittings were to maximize the log likelihood function with Rician noise, i.e., 
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measured signals of the nth measurements, respectively, and σ2 is the noise variation. After data 
fitting, all diffusion images and IMPULSED derived parametric images were co-registered to 
corresponding high-resolution T1-weighted anatomical images using the FMRIB's Linear Image 
Registration Tool (FLIRT) (45) in the FSL toolbox (46).  
The Spearman correlation was calculated to determine the relationship between fitted cell 
size and histology values. The Wilcoxon rank-sum test was used to evaluate differences of cell 
size values between those from fitted and those derived from histology.  
Results 
Computer simulations in silico 
Figure 2 shows the simulated dependence of IMPULSED derived metrics on input values with 
a signal to noise ratio (SNR) of 20, typical of human MRI. In the range 6 – 20 μm, the fitted cell 
size d shows a clear linear dependence on ground-truth values. A mixed linear model reports 
p<0.01. The fitted intracellular water fraction vin shows a good match to any ground-truth value 
with a Bonferroni adjusted p > 0.05. By contrast, the fitted extracellular diffusion coefficient Dex 
shows significant uncertainties, indicating the precision of fitted Dex is limited when SNR is low. 
Note that the fitted Dex is expected to be lower than the intrinsic extracellular diffusion coefficient 
due to restriction effects. If SNR increases to 50, the precisions of fitted d, vin and Dex can be 
dramatically improved (see Figure S3 in the Supplemental Materials). In conclusion, although 
limited in practice by the available gradient strength and slew rate, IMPULSED is capable of 
measuring mean cancer cell size reliably when 6 < d < 20 μm with practical SNRs, but the 
estimation of extracellular diffusion coefficient is not reliable with low SNRs.  
 
Figure 2 Simulated influence of noise with SNR = 20 on fitted d (left), vin (middle), and Dex (rigth) 
using IMPULSED. For each real input d, the fittings were repeated 100 times each with 
different noise samples but with the same SNR level. The red solid lines represent the 
ground-truth values, boxes represent ranges between the 25th and 75th percentiles, and 
dots are outliers. 
Imaging cells in vitro 
Figure S6 in the Supplemental Materials shows an example of the cell segmentation of light 
microscopy images. The cell size information obtained from microscopy was assumed to be the 
ground truth for validating the cell sizes fitted using IMPULSED. Figure 3 compares the mean cell 
sizes obtained from IMPULSED fitting and light microsocpy for three breast cancer cell lines, the 
Jarkat cell line, and lymphocytes. Over a broad range of cell sizes (11 – 18 μm) and cell types 
(breast cancer, leukemia, and lymphocytes), IMPULSED fitted d values show a strong correlation 
(r = 0.92 and p < 0.001 provided by the Pearson correlation) with the values obtained from light 
microsocpy. 
 
Figure 3 Comparison of mean cell sizes obtained from IMPULSED fitting and light microscopy. 
Imaging animals in vivo 
Figure 4 shows a comparison of fitted and histology derived mean cell sizes for two types of 
breast cancer xenografts, MDA-MB-231 and MCF7. A Wilcoxon rank-sum test found no 
statistically significant differences (p>0.67) between values of both tumor types. Instead of pixel-
wise analysis, the IMPULSED fitting of animal data in vivo was performed based on 
measurements from the entire tumors, while >15,700 cells were included in histological analyses 
for each tumor to minimize the effects of intra-tumor inhomogeneity. This validates the accuracy 
of IMPULSED derived mean cell size d in vivo.  
 Figure 4 Comparison of fitted and histologically obtained mean cell sizes of two types of breast 
cancer xenografts. n.s.: no statistical significance. 
Imaging breast cancer patients in vivo 
Figure 5 shows IMPULSED signals (symbols) from a tumor region of interest (ROI) and the 
IMPULSED fits (solid lines) of a representative human breast tumor. Note that for the same b 
values, signals acquired with OGSE with an effective diffusion time tdiff of 10 ms decay significantly 
more than those obtained with PGSE with tdiff = 70 ms. This increase in ADC at shorter diffusion 
times obtained provides the contrast that enables the possibility to measure cancer cell size and 
density. An example of ADC dependence on diffusion times can be found in Figure S8 in the 
Supplemental Materials. For the IMPULSED fitting, all b = 0 images were excluded from the 
fittings in order to minimize the influences of blood perfusion.  
 
Figure 5 The ROI-based diffusion-weighted signal attenuations of a representative human breast 
tumor. Markers are mean signals and the error bars represent standard deviations. The 
solid lines are fitted results using Eq.[1], and dashed lines with low b values indicate b=0 
images were excluded from fittings to minimize perfusion effects. 
Figure 6 shows representative IMPULSED-derived parametric maps of mean cancer cell size, 
intracellular volume fraction, and extracellular diffusion coefficient of a human breast tumor 
overlaid on a high-resolution anatomical image. The parametric maps are significantly 
inhomogeneous within the tumor. There are significantly lower intracellular volume fraction and 
increased extracellular diffusion coefficient at the center of the tumor, suggesting an acellular, 
necrotic core has developed. Note that the parametric map of Dex is more heterogeneous inside 
tumors which may be due to the lower fitting precision (see Figure 1).  
For the tumor shown in Figure 6, the fitted overall average cell size d = 14.88 ± 4.39 μm, vin = 
38.87 ± 7.95%, and Dex = 1.81 ± 0.46 μm2/ms, yielding a cell density = 2.86 ± 1.31 × 108 cells/cm3, 
which is consistent with previous reports of ~108 cells/cm3 for tumors of epithelial origin (such as 
breast tumors) (47). The histograms of all fitted IMPULSED metrics for seven breast cancer 
patients were summarized in Figure S9. All the fitted values of cell sizes, densities, and diffusion 
coefficients are within reasonable ranges.  
 
Figure 6 IMPULSED-derived maps of mean cell size d (left), intracellular volume fraction vin 
(middle), and extracellular diffusion coefficient Dex (rigth) overlaid on a high-resolution 
fat-suppressed anatomical image of a breast cancer patient. 
Discussion 
We have developed and implemented a new, non-invasive imaging method termed 
IMPULSED to measure mean cancer cell size of tumors using clinical MRI scanners in vivo. 
Because cell size is one of the fundamental characteristics of cancer cells, the measurement of 
mean cell size provides opportunities to evaluate tumor status and monitor tumor therapeutic 
response. Compared with previous methods, IMPULSED has several advantages that make it 
particularly suitable for clinical translation: (1) the acquisition is fast (~ 7mins); (2) it is free of 
exogenous agents and radiation; and (3) can be implemented within the hardware performance 
specifications currently available on modern clinical 3T MRI scanners. Because MRI is already a 
part of standard-of-care management, IMPULSED has the potential to be added to clinical scan 
protocols to provide microstructural information that cannot be obtained by other methods easily.  
Despite numerous attempts of using diffusion MRI to map microstructural information in 
tumors in vivo, successful applications in human tumors in vivo have so far been very limited. The 
VERDICT method is another diffusion MRI based technique to map mean cell size in human 
tumors, but to date has been exclusively used in human prostate cancers (24-26). Recent efforts 
at optimization have shortened its acquisition time from 35 minutes (25) to 12 minutes (26). The 
VERDICT approach is different from IMPULSED in that though VERDICT also employs multiple 
diffusion times, it uses conventional PGSE sequences with higher b values. Consequently, the 
range of diffusion times probed is narrower than for IMPULSED. Moreover, VERDICT uses 
multiple acquisitions with different echo times, which may introduce biases in fitting from 
relaxation time effects. IMPULSED incorporates cosine-modulated trapezoidal oscillating 
gradients to significantly increase the range of effective diffusion times in the short time range. 
Figure S8 in the Supplemental Materials shows the diffusion time dependence of ADC of a human 
breast tumor. Over the range tdiff 30 – 70 ms achievable using PGSE sequences only (such as 
those used in VERDICT), the ADC does not change significantly. The most significant ADC 
change occurs between 30 ms and 5 ms, the range used in IMPULSED, so by measuring ADC 
using tdiff over this range, the reliable derivation of cellular properties becomes practical.  
Although IMPULSED detects the mean cell size within each image voxel, it is plausible to 
obtain the distribution of cell sizes inside each voxel as well. However, it is extremely challenging 
to fit cell size distributions without a priori knowledge of their nature (48). Most quantitative DWI 
studies to date have modeled cancer cells as spheres (10,27) or neural axons as cylinders (38) 
with uniform cell sizes to simplify the mathematical complexity yet preserve basic microstructural 
features. IMPULSED detects a mean cell size and density inside each imaging voxel, so the voxel-
by-voxel heterogeneous spatial distributions of cell size and cell density across whole tumors can 
still be obtained as shown in Figure S9.  
Not only mean cell size d but also the intracellular volume fraction vin can be derived from 
IMPULSED. The apparent cell density can be calculated from d and vin (28). However, our 
previous study (34) found that, if the transcytolemmal water exchange cannot be ignored, the 
intracellular volume fraction is intrinsically underestimated for any biophysical diffusion model that 
assumes no water exchange (such as IMPULSED and VERDICT). Because cell membrane 
permeability is likely to increase during treatment-induced apoptosis, the accuracy of cell density 
derived from IMPULSED may be compromised. Therefore, caution should be expressed in the 
interpretation of fitted vin values as intracellular volume fraction. Interestingly, vin has been found 
to correlate well with ground truth cell density (27), which suggests vin might be still a good 
indicator of cell density although its absolute accuracy is uncertain.  
 Although only breast cancer was investigated in the current study, IMPULSED can be used 
to assess other extracranial tumors such as head and neck tumors, wherever a two-compartment 
model is valid. Note that IMPULSED cannot specifically differentiate cancer cells from other cells. 
Therefore, the mean cell size obtained using IMPULSED includes all cell types (e.g., cancer cells, 
stromal cells, and lymphocytes). Our in vitro cell studies (Figure 3) suggest IMPULSED has 
sufficient sensitivity to differentiate small lymphocytes, relatively small cancer cells (leukemia 
Jarkat), and relatively large breast cancer cells. The relative fraction of these cells will change the 
mean cell size. If more detailed information on specific types of cells is needed, the two-
compartment model may need to be modified. In addition to cell size, other information such as 
cell shape can be included for such a purpose (49).  
To ensure clinical translation, the IMPULSED method presented in the current study was 
strictly limited to diffusion parameters that are achievable on clinical 3T MRI scanners, such as a 
maximum gradient strength < 60 mT/m on any single axis and maximum gradient slew rate < 100 
mT/m/sec. However, the ability of IMPULSED is not limited by these practical parameters. For 
example, more advanced MRI hardware such as the Human Connectome gradient coil with a 
maximum gradient strength 300 mT/m and maximum slew rate 200 mT/m/sec can remarkably 
improve the ability of diffusion MRI to probe brain microstructure (39). With more advanced 
hardware, IMPULSED would be capable of acquiring data with higher b values and shorter 
diffusion times, both of which would enhance the ability of IMPULSED to measure small cell sizes 
and intracellular diffusion coefficients more reliably. 
Conclusions 
A novel and fast IMPULSED imaging method has been successfully developed and validated 
on clinical MRI scanners for in vivo imaging of mean cell sizes of solid tumors in breast cancer 
patients. To the best of our knowledge, this is the first clinical study that uses a non-invasive 
imaging method for spatially mapping distributions of mean cancer cell size of heterogeneous 
human breast tumors in vivo. 
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Analytical expressions of intracellular diffusion signal 
Diffusion-weighted MRI (DWI) signal attenuation assuming a Gaussian phase distribution can be 
described as (1) 
 0 ex ( )pS S = −  , [S1] 
where S0 is the T2-weighted non-diffusion-weighted signal, and signal echo attenuation ϕ can be written as 
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where γ is the gyromagnetic ratio, TE = echo time, g(t) = effective time-varying diffusion gradient, D = intrinsic 
intracellular diffusion coefficient, Bk and ak are microstructure dependent coefficients which have been derived 
previously for simple geometries such as cylinders and spheres (1). The importance of Eq.[S2] is the 
separation of microstructural (Bk and ak) and experimental parameters (g(t)), so that the analytical equation of 
DWI signals of diffusion sequences with any gradient waveform can be derived, such as the sine and cosine-
modulated (2) and sine-modulated trapezoidal (3) gradient waveforms. For the present work we derived 
analytical expressions of intracellular DWI signals using the diffusion gradient waveforms (g(t)) that are the 
same as used on clinical MRI scanners, including the finite duration of gradient rise time (i.e., tr).  
 For practical PGSE sequences with trapezoid-shaped gradient waveforms, the analytical expression of 
the intracellular diffusion signal attenuation is given as (3)  
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where tr is the gradient rise time and tp is the duration of each gradient plateau. Note that the analytical 
expression of the attenuation of the PGSE DWI signal was derived previously based on the square waveform 
for simplicity (i.e., infinitely fast gradient slew rate) as (1) 
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Because the gradient slew rate is usually very limited on clinical MRI scanners, the neglect of the finite duration 
of the gradient ramp decreases the accuracy of estimates of cell size. To validate Eqs. [S3], we used computer 
simulations which incorporate the true trapezoidal waveform used for clinical MRI scans. DWI signals inside a 
perfectly impermeable sphere were simulated for multiple cell diameters. Other simulation parameters were the 
same as those shown in Table 2 except that b = 1000 s/mm2. Note that we have previously shown that our 
computer simulation is capable of providing sufficient accuracy (<1% in ADC) to predict DWI signals (4). Figure 
S1 shows a comparison of simulated intracellular PGSE signals vs the analytical forms with a trapezoidal 
waveform (Eq.[S3]) and a square waveform (Eq.[S4]). Eq. [S3] yields an error < 4% across a large range of 
cell sizes from 3 to 20 μm. By contrast, Eq. [S4] yields errors > 10% for any cell size larger than 10 μm, which 
includes the range of typical cancer cell sizes. Therefore, it is important to use the analytical expressions 
derived using the true gradient waveforms (i.e., with a finite gradient slew rate) in order to achieve accurate 
estimates of cell size.  
 
Figure S1 Comparison of intracellular PGSE DWI signals obtained from simulation vs analytical forms with 
trapezoid waveform (Eq.[S3]) an square waveform (Eq.[S4])  
 
A previous study (3) has reported analytical equations for sine-modulated trapezoidal oscillating 
gradients. However, the cosine-modulated trapezoidal waveform provides much shorter effective diffusion 
times and hence were used in the current study. We obtained the analytical expressions of the DWI signal 
attenuation for the cosine-modulated trapezoidal OGSE sequence shown in Figure 1 as 
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Recall that tp is the duration of the first gradient plateau in the gradient waveform.  
For the trapezoidal OGSE sequence with N=2, the analytical expression of the DWI signal attenuation 
is 
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Figure S2 shows a comparison of intracellular DWI signals obtained from simulation vs analytical 
expressions using trapezoidal OGSE sequences with N=1 (Eq.[S5]) and N=2 (Eq.[S6]). All errors are smaller 
than ~7% in ADC.  
 
Figure S2 Comparison of intracellular DWI signals obtained from simulation vs analytical expressions with 
trapezoidal OGSE sequences and N=1 (Eq.[S5]) and N=2 (Eq.[S6])   
Computer simulations with SNR = 50 
Both the accuracy and precision of IMPULSED fitted parameters are significantly improved if SNR = 50 as 
shown in Figure S3. Particularly, the coefficient of variances of both d and vin decreases to 10% when the 
ground truth d > 8 μm, indicating both parameters may be fit reliably if SNR is sufficient for the IMPULSED 
method on clinical human scanners.  
 
Figure S3 Simulated influence of noise with SNR = 50 on IMPULSED derived metrics. For each real input d, 
the fittings were repeated 100 times each with different noises but with the same SNR level. The red solid lines 
represent the ground truth values inputted in the simulations, boxes represent ranges between the 25th and 
75th percentiles, and dots are outliers. 
 
Influence of Din  
The intracellular diffusivity Din has been considered as a free fitting parameter in previous pre-clinical 
studies (5-8). Although the diffusion times tdiff (10 and 5 ms) used in the IMPULSED acquisitions are shorter 
than those in conventional PGSE acquisition (> 30 ms), they are much longer than those (e.g., 1 ms) used in 
the pre-clinical studies in vivo. Therefore, the sensitivity to the intracellular diffusivity is reduced and then it is 
questionable how accurate and reliable Din can be fit on clinical human MRI scanners. Figure S4 shows the 
fitting results when Din is considered as a free fitting parameter. Din cannot be reliably fit from IMPULSED. 
Presumably, this is due to the limitation on the shortest achievable diffusion time on clinical MRI scanners. 
Since the sensitivity of IMPULSED on clinical MRI scanners is significantly reduced to Din, it is possible to 
consider Din as a fixed constant value in all IMPULSED fitting. This reduces the number of free fitting 
parameters, which in turn stabilizes the fitting.  
 
 Figure S4 Simulated IMPULSED derived metrics with SNR = 20 if Din is a free fitting parameter.  
 
However, Din is usually unknown in practice in vivo and may change during apoptosis or mitotic arrest (6). It 
is unclear if different choices of fixed Din values in the data analysis may influence the final fitting results of the 
IMPULSED method. We therefore performed computer simulations using a single Din value of 1.58 μm2/ms (6) 
to synthesize diffusion MRI signals, but used a wide range of different Din values (1.0 – 2.2 μm2/ms) in the data 
analyses to investigate how the choices of fixed Din in data analysis may affect the fitting results. Figure S5 
shows the simulated results of fitted IMPULSED parameters with different Din values. The fitted d and Din are 
slightly biased and the corresponding Dex has much larger uncertainties only when the ground truth mean cell 
size is > 14 μm and fixed Din < 1.4 μm2/ms. This is expected because a large cell size and slow Din will lead to 
a strong diffusion time dependence in the intracellular space and a fixed Din will obviously bias fittings. 
However, fittings of all other combinations of d and fixed Din are not significantly affected by the choices of Din 
used in the data analysis. This confirms again that the IMPULSED fitting with the acquisition protocol proposed 
in the current work is insensitive to Din so Din can be chosen as a fixed constant value in the data analysis. 
Since Din is usually unknown, it is preferable to choose a relatively larger Din in the fittings compared with the 
ground truth value and this still provide robust fittings of microstructural parameters as shown in Figure S5.   
 Figure S5 Simulated influence of noise with SNR = 20 on IMPULSED derived metrics with different choices of 
fixed Din values in the data analyses. From the top to bottom, fixed Din = 1.0, 1.4, 1.58 (ground truth), 1.8, 2.2 
μm2/ms.  
 
Cell segmentation of light microscopy images 
Each field of view was imaged at 40X magnification with the focus set slightly above, below, and equal to 
the optimal focal plane, and the combination of the images provide better identification of cell boundaries (9). 
The detailed pipeline is shown below, and a representative FOV is shown in Figure S6: 
1. Reading the images; 
2. Calculating the difference between two out-of-focus images for enhanced contrast of cell boundary; 
3. Calculating the difference between in-focus and out-of-focus images for background elimination; 
4. Identifying the entire cell region by thresholding and morphological transforming images calculated from 
step 2; 
5. Identifying seeds for watershedding from images calculated from step 3; 
6. Splitting clumping cells using watershedding; 
7. Correcting over-segmented cells manually; 
8. Calculating cell area and converting to cell diameter for each cell.  
 
 
Figure S6 A representative FOV of light microscopy of cells in vitro. The left is the raw image and the right 
shows the segmented images with identified cells highlighted in green.  
 
Visualization of cell boundaries in histology 
The cell membrane and nucleus stained images were analyzed using CellProfilerTM 
(http://www.cellprofiler.org/) to obtain quantitative information on cell sizes. The complete processing pipeline 
includes: illumination correction, foreground objects identification, and splitting of clumped cells by 
watershedding. Finally, the cell segmentation results obtained by CellProfiler were manually corrected for over-
segmented cell bodies. The corresponding CellProfiler pipeline file is available upon request. A representative 
image is shown in Figure S7.  
 Figure S7 A representative image of an MDA-MB-231 breast tumor in mouse. The top is the raw image, and 
the bottom is the images after the processing of CellProfiler.  
 
Diffusion time dependence in human tumors in vivo 
Figure S8 shows the dependence of ADC of a human breast tumor on diffusion times. Except that b = 
300 s/mm2 for tdiff = 5 ms, all other ADCs were obtained using b = 1000 s/mm2. It is evident that ADC increases 
with decreasing diffusion time under 10 ms, but ADC does not vary significantly in the tdiff range of 30 to 70 ms. 
This suggests that PGSE measurements with long diffusion times are less sensitive to structural differences at 
cellular scale, while OGSE measurements with shorter diffusion times are sensitive to the specific sizes of 
restricting distances (i.e., cell size). Therefore, the IMPULSED method incorporates PGSE measurements with 
tdiff = 70 ms only without the need of PGSE experiments of tdiff = 30 or 50 ms. This in turn reduces the 
acquisition time. 
 
Figure S8 Tumor ADC dependence on diffusion time. The error-bars represent the standard deviations over the 
tumor region shown in Fig 4. 
 
Breast cancer patients 
Information on breast cancer patients and breast tumors are tabulated below.  
 
Table S1 Information on breast cancer patients and their tumor types.  
Patient age 
Tumor 
grade 
Clinical 
stage 
ER  PR 
HER2-
Neu 
1 61 Low IIA + + - 
2 58 Intermediate IIA + + - 
3 52 High IIB - - + 
4 68 low I + + - 
5 49 Intermediate I + + equivocal 
6 55 low IIA + + - 
7 44 High IIA + + + 
 
Figure S9 summarizes the histograms of all fitted IMPULSED metrics for seven patients. Although different 
patients and breast tumors show different histograms of the IMPULSED metrics, the peaks of d are all in the 
range of 12 – 18 μm and vin are in the range of 25 – 40 %. Values of vin may be underestimated due to 
transcytolemmal water change, but this does not affect d (8). Dex show broader ranges of distribution compared 
with those of d and vin. This may be due to their larger fitting variations as predicted by the simulation results 
(Figure 1).  
 
 
Figure S9 A summary of histograms of all fitted IMPULSED metrics (columns) of all seven patients (rows). 
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